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KEICHO SHIMOURA, MD, CHUWA TEl, MD, FACC, PRAVIN M, SHAH, MD, FACC,
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Los Angeles, California
The adequacy of two-dimensional echocardiography
during right atrial pacing for the detection and char-
acterization of coronary artery stenosis was examined
in 10 closed chest dogs. Pacing at successively higher
rates up to 210 beats/min was carried out in the control
state and again during a 70% left anterior descending
coronary artery stenosisinduced with intracoronary plugs.
Left ventricular short-axis echographic cross sections
were obtained at several levelsof the left ventricle. After
computer-aided standardized subdivision, contractile
function of the global section and its subsegments was
characterized by computed systolicfractional area change
percent and wall thickening percent.
Ventricular segments supplied from the site of the
70% coronary stenosis were delineated in a low papillary
Detection of left ventricular regional dysfunction by two-
dimensional echocardiography is a clinically feasible, non-
invasive method (1-5), Dysfunction of a region supplied
by a moderately stenosed coronary artery may be elicited
by exercise or pacing, and measured in individual ventric-
ular segments by two-dimensional echocardiography. The
correspondence between such induced regional dysfunction
and the zone subserved by the stenotic coronary artery can
be demonstrated with a recently developed myocardial con-
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level cross section by a myocardial contrast echographic
technique, and these segments demonstrated significant
dysfunction during pacing at 150to 210 beats/min. Echo-
graphic observation of the involved segments immedi-
ately after pacing revealed a maximal depression of func-
tion 5 seconds after pacing, equivalent to dysfunction at
peak pacing, with function returning to control levels
within about 2 minutes. Both maximal pacing and early
postpacing studies facilitated satisfactory discrimination
of ischemic from normally perfused myocardial seg-
ments. These experiments show that right atrial pacing
study with quantitative two-dimensional echocardiog-
raphy may serve to detect and assess a coronary stenosis
associated with minor or no cardiac dysfunction in the
rest state.
trast echographic method (6-9). Quantitative two-dimen-
sional echographic assessment of regional dysfunction after
total coronary artery occlusion has been reported (10,11),
but partial occlusions have been studied to a lesser extent
(12,13).
Our experimental study was specifically designed to as-
sess the feasibility of applying a standardized computer-
aided two-dimensional echocardiographic method during
pacing, to detect and quantitatively evaluate wall motion
and wall thickening in cardiac segments supplied by a sten-
osed coronary artery and to examine the segmental ventric-
ular response during and immediately after right atrial pac-
ing at various rates.
Methods
Experimental Preparation
Ten mongrel dogs weighing 24 to 42 kg (mean 31) were
premedicated with morphine (2 mg/kg intramuscularly) and
anesthetized with sodium pentobarbital (30 mg/kg intrave-
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nously). The dogs were ventilated using a Harvard respi-
rator. Catheters were inserted into the ascending aorta and
leftventricle, andStathamP23Dbpressure transducers were
employed to measure blood pressures. An Electronics for
Medicine physiologic multichannel recorder (model V12,
Honeywell) was used to monitorpressures and a precordial
electrocardiogram at a paper speed of 25 mm/s.
A pacing catheter was inserted from the cervical vein
intotherightatrium, andpacingwasperformed in theclosed
chest dogs at successive rates of 120, 150, 180 and 210
beats/min. Complete measurements were taken during pac-
ing periods of 5 minutes, separated by 3 minute intervals
of sinus rhythm. After completion of the pacing study with
normal coronary arteries, home-made plastic plugsof 6 mm
length, 2.5 mm outer and 0.8 mm inner diameters, were
inserted into the left anteriordescending artery in the closed
chest to provide a stenosis of approximately 70% (diameter
ratio). The use of occlusive and stenotic intracoronary plugs
has been previously reported (14-16).
The method of intracoronary plug insertion was as fol-
lows: An 8F catheter was advanced into the left main coro-
nary artery under fluoroscopic control, and a stiletto was
inserted through this catheter to a distal site of left anterior
descending artery. With the cathetersubsequently retracted,
the anular plug was threaded over the stiletto and pushed
to the desired left anterior descending coronary artery site
with the help of another catheter. Heparin, 10 ml (10,000
I.U.) intravenously , was administered at the beginning of
the experiment, and another 5 ml (5,000 I.U.) was given
just before intracoronary plug insertion. A heparin-saline
mixture was continuously injected via a 2F catheter with
the tip just above the stenotic plug or intravenously through
an infusion/withdrawal pump (Harvard model 600-900) at
a rate of 0.194 cc/min to keep the intracoronary plugs fully
open throughout the procedure.
With stabilized plug-induced left anterior descending
coronary artery stenosis, successive pacing was again per-
formed at heart rates of 120, 150, 180 and 210 beats/min,
using the same pacing periods and intervals as before ste-
nosis. After two-dimensional echographic studies during
pacing in the presence of coronary stenosis, a 2F catheter
was inserted under fluoroscopic control into the left anterior
descending coronary artery and positioned just above the
stenotic plug. A 2 ml bolus of myocardial echo contrast
(2:3 [Renografin] meglumine diatrizoate-saline mixture ag-
itated by mixing during passage through syringes and three
way stopcock) was then injected through this catheter into
the leftanterior descending coronary artery. Thismyocardial
echo contrast method was previously described (8), and
provided opacification of regional myocardium visualized
during simultaneous two-dimensional cross-sectional echo-
cardiography. Echographic visualization of myocardium
perfused from the site of intracoronary contrast injection is
evidently facilitated by microbubbles generated by contrast
mixture agitation. The intracoronary catheter was then re-
moved from the leftanterior descending coronary arteryand
replaced by a 2F balloon catheterwhich was also positioned
just above the stenotic plug.
The borders of the above opacified regions were deter-
mined quantitatively. The echographic cross section was
viewed and borders were outlined using transparent paper
and video disk. Thecomputer thendividedthe sectionbased
on a derived epicardial center of gravity and an indexing
line (Fig. I). Both start and end point of the observed opa-
cification zone were measured in circumferential degrees,
and results were expressed as a mean ± standard deviation .
Interobserver reproducibility of these measurements of the
opacified zone was shown to be satisfactory, with a cor-
relation coefficient [r] = 0.97, and a mean percent error of
3.7 ± 2.4% (8).
Two-Dimensional Echocardiographic Procedures
We used a mechanical ultrasonic sector scanner (ATL
Mark III, Advanced Technology Laboratories) for the two-
dimensional echocardiographic studies. The dog was placed
on its right side on a table with cutouts, and the transducer
was pointed upward against the right side of the chest at
the site of maximal pulsation, usually in the fourth or fifth
intercostal space. Five parasternal short-axis cross-sectional
views at different levels of the left ventricle (mitral valve,
high papillary muscle, midpapillary muscle, low papillary
muscle, low left ventricle) and a long-axis view of the left
ventricle were recorded on videotape, first in control sinus
rhythm and then at the successive pacingrates of 120, 150,
180 and 210 beats/min. The two-dimensional echocardio-
graphic studies were performed both before and after the
coronary stenosis, and also during the myocardial contrast
procedure, before and after intracoronary balloon occlusion
Figure 1. Delineation of underperfused segment with myocardial
contrast echocardiography. The left figure illustrates a two-di-
mensional echographic short-axis cross section at a low papillary
level of the ventricle, with myocardial opacification through con-
trast agent injection distal to the stenotic plug in the left anterior
descending coronary artery. On the right is the computer-outlined
section subdivided into segments analyzed for extent of the con-
trast-delineated myocardium.
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of the left anterior descending coronary artery. The coronary
occlusion was maintained for less than 10 minutes, after
which the experiment was terminated and the animals were
sacrificed. All of the two-dimensional echographic tapes
were replayed in real time, and studied frame by frame to
permit detailed dynamic analysis.
Measurements of ventricular wall dynamics. The five
short-axis views at different levels of the left ventricle were
studied to derive, in selected beats, epicardial and endo-
cardial interfaces at end-diastole and end-systole. The in-
terfaces were first traced in still frames directly from the
screen onto transparentpaper. and ventricular walldynamics
were then carefully reviewed by slow motion video replay.
End-diastole was chosen at the peak of the electrocardio-
graphic R wave which corresponded to the largest size of
the intraluminal left ventricular area, and end-systole was
chosen as the smallest size of the luminal section area. The
sections were digitized and analyzed with the help of a
computer (PDP 11 /34) that automatically subdivided each
short-axis cross section into eight equal 45° angle segments.
The division was standardized in a fixed referencing system,
using an indexing line connecting the end-diastolic center
of the epicardial outline to the inferior junction of the right
ventricle with the ventricular septum. Segments were num-
bered counterclockwise from the indexing line (Fig. 2). On
the basis of the epicardial and endocardial outlines, the
computer calculated the respective fraction area change
(FAC%) and wall thickening (WTh%) for each section and
all of its segments as:
FAC% = 100 (end-diastolic area - end-systolic area)/
end-diastolic area.
WTh% = 100 (end-diastolic wall thickness - end-sys-
tolic wall thicknessj/end-diastolic wall thickness.
End-diastolic volume (EDV) and end-systolic volume (ESV)
of the left ventricle were reconstructed using Simpson's
f ormula (17):
where Alo A2 , A3 , A4 and As are respective short-axis areas
at the mitral valve, high papillary, midpapillary, low pap-
illary and low left ventricular levels, and h is a slab height
obtained by dividing left ventricular length by the number
of short-axis sections.
Left ventricular stroke volume (SV) was calculated as:
SV = EDV - ESV.
Left ventricular ejection f raction (LVEF) was calculated
as:
LVEF = SV/EDV.
As indexes of regional contractile function, we derived the
percent systolic fractional area change for both the overall
or global section and for each of eight segments of the
section. Similarly, percent systolic wall thickening was
computed for both the global section and each of the seg-
ments. The sectional wall thickening was an average based
on the delineated section of epicardium and endocardium
in end-diastole and end-systole.
Reproducibility study. An intraobserver reproducibil-
ity study was carried out by one skilled observer tracing the
same frame of a two-dimensional echographic short-axis
cross section on two occasions separated by 24 hours. In-
terobserver reproducibility studies were performed by two
skilled observers who independently traced the same frame
of the two-dimensional echocardiographic short-axis cross
sections. A sinus rhythm control beat before coronary ste-
nosis was chosen at random for each of the 10 dogs and 10
two-dimensional echographic cross-sectional images in end-
diastole and end-systole were drawn from the video screen
onto transparent paper. Reproducibility data were obtained
for both sectional and segmental cardiac function measure-
ments. Additionally, reproducibility of measurements dur-
ing pacing and 5 seconds after pacing was evaluated during
coronary stenosis.
Statistical analysis. Differences between pacing levels
were tested using a single factor repeated measured analysis
of variance for both the coronary stenosis and no stenosis
conditions. Trend analysis. using the methods of orthogonal
polynomials. was employed to test for linear trends in the
data as a function of pacing level. Differences between the
stenosisand no stenosis conditions were tested usinga paired
t test.
Results
Reproducibility studies (Table 1). Intraobserver two-
dimensional echographic measurement reproducibility at 5
seconds after pacing (with heart rate essentially returned to
control levels) was similar to intraobserver reproducibility
results during control sinus rhythm(global section fractional
area change: r = 0.973 and r = 0.984, respectively, with
standard errors of estimate of 2.1 and 2.7%, mean percent
errors 5.0 ±: 3.6 and 3.9 ±: 2.7%). Interobserver repro-
ducibility during sinus rhythm(global section fractional area
change: r = 0.985, standard error of estimate 2.6%, mean
percent error 5.5 ±: 5.7%) was somewhat better than the
results during pacing at 180beats/min (r = 0.974, standard
error of estimate 3. 1%, mean percent error 8.5 ±: 6.9%).
Interobserver reproducibility at 5 seconds after pacing was
not established but should be better than that during pacing
in view of the near control heart rate.
Effects of intracoronary 70% stenotic plug insertion
on heart rate. Heart rate before pacing and before insertion
of a coronary stenotic plug was 81.0 ± 10.4 beats/min.
Sinus rate after plug insertion into the left anterior descend-
ing artery was 98.3 ±: 13.5 beats/min. After maximal pacing
692 KONDO ET AL
PACING ECHOGRAPHIC STUDY OF CORONARY STENOSIS
JACC Vol 2. No.4
October 1983:689-98
DIASTOLE SYSTOLE
CONTROL f!?Jj)
8 .: 6
I ~:- ."\: 5
, .
2 -,,: 4
3
FAC 53 .9"10
STENOSIS ~~, 7 6. --o 'I 5I :, 12 - I 4
3
FAC 20.4"10
Intraobserver Interobserver Beat to Beat
r = correlation coefficient; SD = standard deviation; SEE = standard
error of estimate.
Table 1. Reproducibility of Two-Dimensional Echographic
Cross-Sect ional Left Ventricular Fraction Area Change During
Atrial Pacing in Dogs at 180 Beats/Min
Figure 2. End-diastolic and end-systolic frames of a low papillary
left ventricular two-dimensional echographic cross section during
pacing at a heart rate of 180 beats/min. Before stenosis (upper
panels), contraction was normal and uniform. as is illustrated on
the far right showing computer outlines of endocardium at end-
diastole and systole. During coronary stenosis (lower panels), end-
systolic area is significantly increased at this pacing rate and con-
traction is deranged . Of the segments numbered I to 8 on the far
right , segments I and 2 are seen to be akinetic or dyskinetic . FAC
= fractional area change .
at 210 beats/min in the presence of intracoronary plug ste-
nosis, heart rate 5 seco nds after pacing was 104.5 ± 21.8
beats/min .
Effect of heart rate on global left ventricular function
(Table 2). Lef t ventricular end-diastolic volume. Table 2
shows the relation between heart rate and end-diastolic vol-
ume, both before and during the 70% left anterior descend-
ing coronary artery stenosis. End-di astolic volume de-
creased linearly with increas ing heart rate . before and during
stenosis. Thi s relation was statistically significant (proba-
bility [p] < 0 .005). but at any given heart rate there was
no difference between end-diastolic volumes measured dur-
ing the control period and after coro nary artery stenosis.
Left ventricular end-systolic volume. End-systolic vol-
ume also decrea sed linearly with increasing heart rate before
stenosis (p < 0 .005). During stenosis, the relation was
statistically nonsignificant. Only at a heart rate of 2 10 beats/
min did end-sys tolic volume prove to be statistically higher
(p < 0 .05) before coronary stenosis than dur ing stenosis.
Lef t ventricular ejection f raction. Analysis of variance
indicated that two-dimensional echographic-derived ejec-
tion fraction did not change significantly during pacing be-
fore stenosis, but decreased linearly with heart rate (p <
0.05) durin g stenosis. Comparison of measurement s at each
heart rate before and after the 70% left anterior descending
coron ary artery stenosis showed that reduction of ejection
fract ion by stenosis was statistically significant (p < 0.05)
only at the highe st pacing rate of 210 beats/min.
0.9 11
5.6
9.6 ± 5.9
0.974
3. 1
8.5 ± 6.9
0.957
9.3
20.2 ± 19 6
0.955
3.3
8.8 ± 5.5
0.830
8.7
15.8 ± 13.1
SEE( % )
% error (mean ± SD)
Segmental
r
SEE (%)
% error (mean ± SD)
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Table 2. Effects of Right Atrial Pacing on Global Cardiac Function (mean values ± standard deviation)
Sinus Rhythm Incremental RA Pacing
(beats/min) (beats/rum)
HR (beats/mm)
Control 81.0 ± 10.4 120 150 180 210
Stenosis 983 ± 13.5
EDV(ml)
Control 74.5 ± 21.5 69.3 ± 17.1 63.7 ± 16.8* 55.7 ± 13.8* 473 ± 10.9*
Stenosis 73.6 ± 23 4 63 6 ± 25.1 * 61 6 ± 22.4* 53.1 ± 16.3* 51.4 ± 13.1*
ESV (101)
Control 35.9 ± 13.3 35.6 ± 11.7 32.7 ± 10.2 28.0 ± 90* 215±8.0*
Stenosis 327 ± 12.3 337 ± 147 320 ± 13.9 297 ± II 5 26.4 ± 8.9t
EF (%)
Control 57.2 ± 12.0 49.4 ± 9 6 49.2 ± 5.1 50.5 ± 97 56.3 ± 9 2
Stenosis 557 ± 63 51.9 ± 9,0 488 ± 6.1 45.3 ± 8 1 49 I ± 8.6t
SV(ml)
Control 39.3 ± 10.3 33.7 ± 9.2* 31 0 ± 7.4* 27,7 ± 8.1* 258 ± 42*
Stenosis 41.7 ± 124 31 9 ± 9.9* 29,6 ± 9.7* 234 ± 64* 25,0 ± 6.9*
*p < 0.05 vs. sinus rhythm; tp < 0,05 vs. pnor to stenosis.
CO = cardiac output, EDV = end-diastohc volume; EF = ejection fraction: ESV = end-systolic volume; HR = heart rate, RA = right atnal, SV = stroke
volume
Left ventricular stroke volume. Table 2 shows the re-
lation between heart rate and stroke volume before and
during stenosis. Stroke volume decreased in a linear manner
with increasing heart rate, both before (p < 0.001) and after
(p < 0.005) coronary stenosis.
Two-dimensional echographic measurements of sec-
tional and segmental left ventricular function. Frac-
tional area change percent at a low papillary level of
the left ventricle (Fig. 2, 3 and 4). During control sinus
rhythm and at a paced heart rate of 120 beats/min, there
was no significant difference in either global sectional or
segmental fractional area change before coronary stenosis
and during 70% stenosis of the left anterior descending
coronary artery. At a heart rate of 150 beats/min, global
sectional systolic fractional area change percent was not
changed by stenosis, but segment 1 in the low papillary
section exhibited a significant reduction in fractional area
change (p < 0.01). At heart rates of 180 and 210 beats/
min, global sectional fractional area change was signifi-
cantly depressed by the coronary stenosis (p < 0.01), ac-
companied by significantly decreased contractile function
in segments 1, 2 and 8.
Figure 2 illustrates in one dog the low papillary level
two-dimensional echographic cross sections at end-diastole
and end-systole during right atrial pacing at a heart rate of
180 beats/min, both before and during coronary artery ste-
nosis. During the stenosis, contraction of segments 1 and
2 was significantly depressed and global sectional fractional
area change was reduced (20.4 versus 53.9% before stenosis).
Segments of the left ventricle in which two-dimensional
echographic study revealed significant dysfunction at ele-
vated pacing rates were found to be within the perfusion
zone distal to the coronary stenosis, independently outlined
with a myocardial contrast two-dimensional echographic
technique (Fig. 3). Figure 4 shows a correlation between
pacing heart rate and fractional area change of segment 2
located within this perfusion zone defined by contrast echo.
In the presence of 70% coronary stenosis, this particular
segmental fractional area change (FAC) decreased with in-
creasing heart rate. A linear regression equation was found
by the orthogonal polynomial method: segmental FAC =
21.4 - 8.02 X (X = code for heart rate, with - 2 for
control rate, - 1 for 120 beats/min, 0 for 150 beats/min, 1
for 180 beats/min and 2 for 210 beats/min). Before stenosis,
segmental fractional area change of this segment increased
with heart rate.
Wall thickening percent at a low papillary level of the
left ventricle (Fig. 3). During sinus rhythm and at paced
rates of 150 beats/min or less (Fig. 3A), global sectional
and segmental wall thickening exhibited no statistically sig-
nificant differences when normal coronary arteries were
compared with the left anterior descending coronary artery
with 70% stenosis. At a heart rate of 180 beats/min (Fig.
3B), wall thickening of segment I became significantly de-
pressed because of the stenosis. At 210 beats/min, global
sectional wall thickening and segmental wall thickening of
segments 1, 2, 3, 6, 7 and 8 were significantly reduced as
a result of coronary stenosis. These dysfunctioning segments
were generally within the region subserved from the site of
the coronary stenosis, as outlined by the contrast echo
technique.
Analysis of variance indicated that there was no statis-
tically significant linear relation between wall thickening
and heart rate; significant reduction of wall thickening oc-
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Figure 3. Two-dime nsiona l echographic
fractio nal area change percent (FAC%) and
wall thickening percent (WTH%) of left ven-
tricular cross sections at a low papillary mus-
cle level, during incremental right atrial pac-
ing before (open circles) and during (closed
circles) left anterior descending (LAD) coro-
nary stenosis (sinus rhythm and 150 beats/
min in A; 180 and 210 beats/min in B). The
global section and segments were studied at
different heart rates before and during left
anterior descending coronary stenosis . The
potentially underperfused and jeopardized area
was determined by intracoronary myocardial
contrast echo . and the mean extent of this
area in 10 dogs is illustrated to include seg-
ments 1,2,3 , 7 and 8. The higher pacing
rates facilitated detection of segmental dys-
function associated with left anterior de-
scending coronary stenosis. Segments I to 8
were obtained by subdivisio n of the section.
Global = total section fract ion area change .
* = probabi lity (p) < 0 .01.
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Sinus 120 150 180 210
HEART RATE (per m inute)
curred only at a heart rate of 180 beats/min or higher. A
comparison of fractional area change and wall thickening
for each of the fi ve short-axis left ventricular cross sections
and at each of the five pacing heart rates showed that cor-
relation coefficients ranged from 0.349 to 0.943.
Figure 5. Response of segmental fractional area change percent
(FAC%) (anterolateral left ventricular segment 2 in low papillary
section) during pacing at 210 beats/min and postpacing, before
and after 70% left anterior descending (LAD) coronary stenosis.
In the presence of coronary stenosis, 5 seconds postpacing there
was a most profound dysfunction, after which function gradually
returned to control levels within 2 minutes. *p < 0.05 compared
with prestenosis value.
Post-pacing echographic study of cardiac function dis-
tal to coronary stenosis (Fig. 5 and 6). Figure 5 shows
successive two-dimensional echographic measurements of
segmental fractional area change in anterolateral segment
2, designated as "involved" on the basis of independent
assessment with myocardial contrast echo. The study was
performed first during sinus rhythm, then during pacing up
to a maximal rate of 210 beats/min, and subsequently over
a 2 minute period after pacing, both before and during
coronary stenosis. The segmental fractional area change of
the segment subserved from the coronary stenosis decreased
markedly as a result of maximal pacing, rebounded briefly
in the first beat after interruption of the pacing and then
dropped rapidly and significantly, reaching a maximally
depressed value 5 seconds after pacing (at a heart rate that
decreased to 104.5 ± 21.8 beats/min). The degree of this
postpacing dysfunction was comparable with the contractile
derangement measured at the 210 beats/min pacing rate,
with substantially lesser variability noted in the postpacing
echographic measurements. Thereafter, the segmental frac-
tional area change returned to prepacing control levels within
the 2 minute observation period. At the maximal pacing
rate, as well as from the second beat to approximately 5
seconds after pacing, stenotic segment fractional area change
was significantly lower (p < 0.0 I for maximal pacing,
p < 0.005 for 5 seconds after pacing) than function in the
same segment before coronary artery stenosis. By compar-
ing measurements with those during prepacing sinus rhythm,
segmental fractional area change in stenotic segment 2 was
found to be significantly depressed during maximal pacing
(210 beats/min) (p < 0.01), as well as at 5 seconds (p <
0.0 I), 10 seconds (p < 0.02) and 20 seconds (p < 0.05)
after pacing. A similar trend of temporary yet significant
regional postpacing dysfunction was demonstrated with
maximal pacing at 180 beats/min.
Figure 6 compares maximal pacing and 5 seconds post-
pacing two-dimensional echographic measurements of frac-
tional area change of the anterolateral segment in a low
papillary left ventricular section subserved by the stenotic
left anterior descending coronary artery. For both of these
conditions, segmental fractional area change decreased in a
similar manner as the maximal paced heart rate was in-
creased, the difference from sinus control function reaching
statistical significance at 180 beats/min (p < 0.05).
Determination of underperfused segments . Myocar-
dial contrast two-dimensional echocardiography was used
to define the region subserved from the site of the coronary
stenosis or occlusion and showed that circumferential mar-
gins of the involved myocardium were at -77.5 ± 50.70
and 11 0.9 ± 22.40 , respectively. Considering this standard
deviation, segments I and 2 were determined to be the most
involved and centrally located segments within the zone
distal to the left anteriordescending coronary artery stenosis.
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Figure 4. Effect of right atrial pacing on anterolateral segment
(segment 2) fractional area change percent (FAC%) in a low pap-
illary two-dimensional echographic left ventricular cross section,
before and during leftanterior descending (LAD) coronary stenosis
(70%). In this segment, supplied by the stenosed coronary artery,
fraction area change percentdecreased with increasing heart rate,
and exhibited a significantly lower valueat a heart rate ator above
180 beats/min compared withequivalent measurements before ste-
nosis. *p < 0.05 versus prestenosis.
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Figure 6. Comparison of low papillary anterol ateral segment (seg-
ment 2) fractional area change percent (FAC%) measured by two-
dimens ional echocardiography dur ing maximal pacing and after
pacing in the presence of a 70% left anterior descending coronary
stenosis. This segmental dysfunction (compared with sinus rhythm)
during maximal pacing and after pacing became significant at a
heart rate at or above 180 beats/min. *p < 0.05 compared with
sinus rhythm .
Discussion
The current study asses sed and validated the ability of
two-dimensional echocardiography durin g right atrial pac-
ing to reliabl y characterize a coronary artery stenosis not
normall y associated with dysfunction in the rest state . Em-
phasis in the closed chest dog model with a known (70%
diameter ratio) intracoronary plug-induced stenosis was on
applying quantitative echo graphic methods to examine the
respon se of left ventricular segments within the territory
perfused from the site of the coronary stenosis. During car-
diac pacing to 210 beats /min , systolic fractional area change
(FAC%) and wall thickening (WTh%) characterizing con-
tractile function of the whole (global) short-axis cross sec-
tion and its subsegments were deri ved and analyzed in a
standardized manner with computer assistance . A new myo-
cardial contrast technique was used to delineate the anatomi c
myocardial region subserved from the coronary stenosis.
Previously validated recon struction methods were emplo yed
to derive chamber volume and indexe s of global left ven-
tricular performance. Reproducibility of echographic mea-
surements was examined and proved satisfactory.
Segmental ventricular function during coronary ste-
nosis. Before coronary stenosis , functi on of ventricular
segments was not significantly different from control levels
over the ent ire range of pacing rates. After the 70% coron ary
stenosis, segments subserved from the stenosis exhibited
success ively greater depression in function as pacing rates
were increased . Furthermore , a distinctly reduced level of
segmental contraction was obse rved between 5 and 20 sec-
onds after pacing. Thus , immediately after pacing, the two-
dimensional echographic measurements discriminated nor-
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mal segments from those distal to the coronary stenosis,
analogous to the discr imination demonstrated during max-
imal pacing. Although comprehensive comparison of the
two approaches was not undertaken and would depend on
the quality of cross-sectional echographic images in differ-
ent settings , it may be useful to exploit the beat to beat
capabilities of two-dim ensional echo cardiography to per-
form measurements immediately after pacing , when heart
rate has often returned to control levels and mea surements
may have less variability than at the high pacing rates . On
the other hand , stress assoc iated with maximal pacing may
allow a more effective diagnosis of some degree s of coro-
nary stenosis than might be achie ved with only postpacing
evaluation .
Our experimental data show that segmental ventri cular
systoli c fractional area chan ge in the terr itory supplied from
the 70% stenosed coron ary artery decreased significantly
when pacing at a heart rate of 150 beats/min or higher.
Mea surements of the total sectional fractional area change
in a low papilla ry level ventricular cross section revealed a
significantl y depre ssed function due to coronary sten osis at
a higher heart rate , that is , 180 beats/min or higher . Finally,
global left ventricular ejection fraction during the 70% coro-
nary stenosis was sign ificantly decre ased only at a maxi-
mally applied heart rate of210 beats/min. These data suggest
that appropri ate diffe rent iation between normal and post-
stenotic ventricular segments requires quantitative analysis
of localized segmental function, rather than gross or global
measurement.
Potential limitation of experimental study. Although
dogs were used in the current study , we recognize that the
dog's card iac and coronary anatomy, and part icularly its
collateral circulation, differs from that in human beings.
With these differences in mind, it has, nevertheless, been
possible to derive valuabl e information of the cardiac re-
sponse to various interventions. Closed chest dog model s
with intravascular plug-induced coronary artery stenosis were
previously described by investigators from our laboratory
and others (14-16). The closed chest dog model avo ids
artifacts due to thoracotomy and pericardiotomy, tends to
be associated with more physiologic control heart rates fa-
cilitating adequate pacing studies and provides much better
and more stable two-dimensional echographic cross-sec-
tional image quality as compared with the open chest model.
One potenti al difficulty with currently available intracoron-
ary plugs is that very small openings may tend to become
thromb osed, in spite of the usual dog heparinization . To
maintain patenc y, we administer heparin in a drip infusion
via a 2F catheter whose tip is placed immediately above the
intraco ronary plug.
Although noninvasive two-dim ensional echo cardiog-
raphy is potentially capable of comprehensive and beat to
beat quantitative measurement of segmental contraction and
wall thickness in several ventricular cross sections, limi-
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tations of this method are particularly evident in clinical
applications. Canine echo image quality is generally very
good and we applied standardized computer-assisted tech-
niques for analysis, although certain problems are not read-
ily avoided pending validated direct computerized image
acquisition and processing. Thus, manual tracing of echo
interfaces may involve errors, such as viewing observer
parallax. We tried to avoid these errors and checked the
correctness of interface outlines by repeated videotape re-
play so as to fully appreciate the cardiac border dynamics.
To quantitate global function of the left ventricle, special
reconstruction models were required (17). Reproducibility
of two-dimensional echocardiographic measurements was
generally satisfactory for all global cross-sectional and seg-
mental fractional area change determinations, but less sat-
isfactory in evaluation of segmental wall thickening.
All cardiac imaging techniques are still subject to con-
troversy, whether quantitative analysis of images should
employ fixed referencing or floating methods correcting for
translation, rotation and twisting of the left ventricle. Thus,
Moynihan et al. (11) compared two echographic methods
of analysis and concluded that the fixed method is superior
to a floating method for localizing contraction defects. Ingels
et al. (18) and Chaitman et al (19) also showed the fixed
reference system to be superior in their cineangiographic
analysis of left ventricular segmental function, Yet, others
have recommended consideration of some correction, and
investigations are currently under way (20,21). Moynihan
et al. (I I) and Gueret et al. (22) employed the endocardial
center of gravity for standardized indexing of the echo-
graphic cross sections and interpretation of wall motion
abnormalities, but our studies indicate that the epicardial
center is preferable because it exhibits less displacement as
a result of less movement of epicardium during systolic
contraction (23).
We employed myocardial contrast two-dimensional
echocardiography with hand-agitated Renografin-saline
contrast medium. A recent publication from this laboratory
(8) indicated reproducibility of perfusion defect delineation
and satisfactory comparison, in the same cross-sectional
image, between two-dimensional echo contrast-opacified
perfused or perfusion-deficient areas with respective wall
motions. Substantial further validation and development are,
nevertheless, required before this methodology will be gen-
erally applicable.
Although right atrial pacing allowed systematic variation
of the heart rate, it is, of course, not equivalent to physi-
ologic exercise. An infrequent limitation of right atrial pac-
ing is that it might be difficult to provide satisfactory stim-
ulation from the right atrium because of catheter position
or conduction disturbances.
Comparison with alternate applicable studies. Our
experimental data need to be compared with those from
other studies. Our global ventricular function data during
pacing agree, in general, with trends previously reported
(24-26). To detect wall motion abnormalities (for example,
fractional area change and wall thickening) of a ventricular
segment supplied by a stenosed coronary artery, various
methods of myocardial stress loading can be employed.
Commonly available procedures include the treadmill test,
bicycle exercise ergometer and right atrial or ventricular
pacing. Regional wall motion abnormality can be detected
and assessed by left ventriculography (27), two-dimensional
echocardiography (l, 12,13), M-mode echocardiography (28),
radionuclide imaging (29), ultrasonic dimension gauges (30)
or radarkymography (15). Several investigators (1,27,31)
used left ventriculography or two-dimensional echocardi-
ography with right atrial pacing, and demonstrated dys-
function of the left ventricular region supplied by a stenosed
coronary artery. Although quantitative two-dimensional
echocardiography in the presence of partially occluded coro-
nary arteries was attempted by several investigators (1, 12,13),
echocardiography of coronary stenosis during right atrial
pacing has not yet been carried out in a quantitative manner
(l ).
As was demonstrated by Tomoike et al. (30) in an ex-
perimental study with ultrasonic dimension gauges, our
echographic data also showed that systolic function of the
segment supplied from a stenosed coronary artery decreased
linearly with increasing heart rate. As might be expected,
the reduction of the segmental fractional area change and
differences between no stenosis and coronary stenosis were
found to be greater as heart rate was successively increased,
indicating that higher pacing rates facilitate segmental dif-
ferentiation for accurate detection of coronary stenosis.
Regional wall thinning has been observed with M-mode
echocardiography during exercise (28,32). Our experimen-
tal pacing data also demonstrate that two-dimensional echo-
graphic measurements of changes in segmental wall thick-
ening can differentiate the effects of a coronary stenosis.
Other investigators (2,30,33) used different tools and ob-
served decreased wall motion after cessation of pacing dur-
ing coronary stenosis. Our two-dimensional echocardio-
graphic data corroborated this observation and indicated a
profoundly depressed segmental function after pacing at a
high rate, reaching a peak dysfunction at 5 seconds after
pacing. We found that the postpacing fractional area change
of ventricular segments subserved from the coronary ste-
nosis decreased linearly with increasing levels of maximal
pacing and that the postpacing reduction in stenotic segment
function was almost equivalent to the dysfunction caused dur-
ing maximal pacing. Intraobserver reproducibility of meas-
urements 5 seconds after termination of pacing was substan-
tially better than during maximal pacing. This suggests that
two-dimensional echocardiography immediately after right
atrial pacing at a high rate may constitute an alternate useful
method for detection and measurement of potential wall
motion abnormality associated with coronary stenosis.
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Implications of the study. The experimental closed chest
model with coronarystenosis, coupled withcomprehensive
two-dimensional echocardiography during right atrial pac-
ing, appeared to be suitable for study of the site and extent
of a coronary stenosis. Right atrial pacing is invasive, but
in some cases it may be preferable to exercise or else may
supplement data from exercise studies. Application of the
quantitative two-dimensional echocardiographic method re-
ported in this study remains to be demonstrated in a clinical
setting. However, our experiments suggest that segmental
analysis with two-dimensional echocardiography during high
rate pacing, as well as at the reduced heart rate within
seconds after pacing, may be a usefulmethod for diagnosing
a coronary stenosis and differentiating normal from poten-
tiallyjeopardized myocardium.
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